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Abstract—This paper presents the results of the first multi-
antenna propagation measurement campaign to be conducted
at an operating petroleum refining facility. The measurement
equipment transmits pseudo-random noise test signals from two
antennas at a 2.47 GHz carrier with a signal bandwidth of
approximately 25 MHz. The measurement data is analyzed
to extract path loss exponent, shadowing distribution, fading
distribution, coherence bandwidth and antenna correlation. The
results reveal an environment where large scale attenuation is
relatively mild, fading is severe and good performance is expected
from both antenna and frequency diversity.
I. INTRODUCTION
Petroleum refining facilities are an important potential
growth area for wireless technology. Refining facilities have
made extensive use of wired data networks for over 35 years
[1] and some refineries now have over 20,000 networked sen-
sors and actuators [2]. There is also clear economic incentive
for petroleum operators to move to wireless links. The metal
safety shielding for wired cables in refineries can cost between
$200 and $2,000 per foot [3]. Replacing these wired links with
wireless would eliminate this cost.
Fig. 1. Gas refinery.
One barrier to wireless adoption is our lack of understanding
of wireless propagation within a refinery. Wireless will mainly
be used to connect outdoor sensors and actuators attached to
pipes and vessels in an environment similar to Fig. 1. This
unique environment has arguably the greatest concentration of
metallic scattering objects found anywhere. To date, industrial
propagation measurement studies have focused on the manu-
facturing and factory environment [4–12]. However, the indoor
factory environment is clearly very different than Fig. 1. The
only effort to date characterizing refinery propagation is [13]
which presents a modified path loss model based on classi-
fying the physical environment into different categories. This
model is verified using average received power measurements
collected using wireless modems but the results are limited to
path loss only.
This paper presents the first multi-antenna propagation mea-
surement campaign to be conducted at an operating gas refin-
ery that captures both large and small scale channel statistics.
Sections II and III discuss the measurement equipment and
environment, respectively. Section IV presents the methods
used to analyze the data. Results are presented in Section V
with concluding remarks made in Section VI.
II. EQUIPMENT
The measurement transmitter, shown in Fig. 2, transmits
different time offsets of the same 25 Mchip/sec maximal length
219 − 1 chip pseudo-random noise (PN) sequence [14] from
two PCTEL MHO24004NM dipole antennas [15]. Antenna
separation is approximately 16 cm. The two offset sequences
are denoted p1[n] and p2[n]. The signals are transmitted at
6 dBm equivalent isotropically radiated power (EIRP) at a
carrier frequency of 2.4724 GHz. The measurement receiver
correlates the received signal with p1[n] and p2[n] in real
time. The correlation is performed over 100,000 chips so that
a 2 × 1 MISO channel impulse response is captured on a
laptop every 4 ms for a measurement capture rate of 250 Hz.
The transmitter and receiver are synchronized in time and
frequency using SIM940 rubidium clock references [16].
Due to the potential of explosive vapors in the air, all
electrical equipment used near petroleum refinery equipment
must meet the Class 1/Division 1 (C1/D1) standard which
specifies all equipment must be shielded to prevent acting as
an ignition source [17]. The transmit unit in Fig. 2 is contained
in a C1/D1 compliant enclosure.
III. REFINERY ENVIRONMENT
The measurements were conducted at a Shell Canada gas
refinery and a simplified map of the measurement area is
shown in Fig. 3. The environment consists of three regions:
areas with tall vessels (10 m to 30 m in height) and piping
similar to Fig. 1, solid metallic buildings or equipment that
were opaque to radio signals and roadways covered by over-
head piping and conduit approximately 2.5 m in the air. The
measurements characterize propagation conditions between 80
different candidate sensor/actuator locations, indicated by the
Transmitter
Receiver
Fig. 2. Measurement equipment.
black circles, and a central building housing the refinery
process control hardware, indicated by the star.
At each sensor/actuator location, the C1/D1 compliant trans-
mitter was held so the antennas were approximately 1.25 m
from the ground. During the measurement, the antennas were
moved in a grid approximately 0.5 m × 0.5 m to capture
local spatial variation. The receiver was located outside the
C1/D1 zone and connected to a single MHO24004NM dipole
mounted 15 m in the air on the outside of the central process
control building.
Fig. 3. Measurement environment.
IV. DATA ANALYSIS
The impulse response of the channel between transmit
antenna i and the receiver is represented by matrix hi ∈ CN×L
where N is the number of channel impulse responses captured
and L is the number of discrete channel taps. The element at
row n and column l of hi is denoted hi(n, l).
To determine large scale channel effects, an average atten-
uation is calculated for measurement location r by averaging
the signal received from antenna i according to Ar,i =
1
N
∑
n
∑
l |hi(n, l)|
2
. Unlike [13], large scale propagation is
analyzed using a standard path loss and shadowing model. The
path loss exponent is the slope of a best fit line on a log-log
plot of attenuation versus distance and the shadowing values
are the amount that each attenuation point deviates from that
line [11].
The power delay profile (PDP) of the channel is determined
by averaging the power of hi along the n axis. The PDP is
then used to calculate an RMS delay spread, Trms, for each
measurement as described in [11]. The coherence bandwidth
of the channel is then defined as 1/(5Trms) [11].
To analyze small scale fading statistics, each measurement
hi, i ∈ {1, 2} for each location is normalized to have unit
average power along the n axis. The channel responses are
then transformed into the frequency domain by taking the
discrete Fourier transform of each hi(n, l) along index l. Let
Hi(n,w) denote the transformed impulse response where w is
the discrete frequency index and the definitions of n and i are
unchanged. The channel frequency response matrix is defined
as Hi ∈ CN×L, where Hi(n,w) is the matrix element on the
nth row and wth column.
The number of frequency response values with independent
small scale fading is R = ⌊Wsig/Wcoh⌋, where Wcoh is the
discrete coherence bandwidth of the channel and Wsig is the
discrete bandwidth of the measurement signal. Since N fading
values are captured for each of these frequency points, this
allows the creation of a 1 × NR fading vector for the ith
transmit antenna defined as ei = [ |Hi(0, 0)| . . . |Hi(N −
1, 0)| |Hi(0,Wcoh)| . . . |Hi(N − 1, RWcoh)| ].
Small scale fading severity is quantified using Ricean K-
factor. Before K-factor is estimated, the Chi-square goodness-
of-fit test [18] is applied to the fading vector to ensure its
envelope variations can be accurate represented by the Ricean
distribution. A significance level of 10% is used, meaning there
is a 10% chance that measurements that are actually Ricean
will be discarded. K-factor is estimated for all measurements
satisfying the Chi-square test using the method of moments
[19]. Antenna correlation is calculated by determining the
correlation coefficient between e1 and e2. A correlation value
is calculated for all measurements, regardless of whether they
satisfy the Ricean fit test.
V. RESULTS
The results of the large scale analysis are shown in Figs. 4
and 5. The slope of the best fit line in Fig. 4 yields a path
loss exponent of 2.76 and shadowing standard deviation is
5.93 dB. While both the shadowing and path loss values seem
low given the amount of clutter, it is important to remember the
highly metallic nature of the environment. Since the majority
of the scattering objects are metallic, reflection is the dominant
propagation mechanism with less absorption and diffusion than
occurs in other environments. On average, this results in a
higher proportion of the transmit power reaching the receiver.
It is also clear from Fig. 5 that shadowing does not
display the traditional log-normal distribution. A true log-
10log10(Distance in Meters)
8 10 12 14 16 18 20 22
Av
er
ag
e 
At
te
nu
at
io
n 
(dB
)
60
65
70
75
80
85
90
95
100
105
Fig. 4. Log average attenuation versus log distance.
normal distribution requires the power of the received signal
to be the product of many random attenuation factors due
to scatterers along the propagation path [20]. We note that a
refinery has at least as many objects contributing to shadowing
as the indoor wireless channel and that indoor shadowing is
much closer to log-normal [21]. Therefore, we assume that
the cause of the unusual shadowing distribution is not a lack
of scattering events. Instead, the mostly metallic environment
does not create a sufficiently random change in amplitude and
phase during each scattering event for the product of those
events to quickly approach a log-normal distribution.
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Fig. 5. Shadowing distribution.
The CDF of the measurement K-factor values shown in
Fig. 6 indicates very severe fading. With a mean K-factor
of -5.37 dB, the fading is approximately Rayleigh. This is
not surprising given the dense number of scattering objects
surrounding the locations in Fig. 3. However, since the vast
majority of refinery sensors and actuators are fixed to one
location and none of the scattering objects move, Fig. 6 un-
derscores that utilizing diversity techniques will be extremely
important since a sensor in a deep fade cannot rely its motion
or motion in the environment to improve its propagation
conditions.
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Fig. 6. CDF of K-factor.
Fortunately, the measurements indicate that both antenna
diversity and frequency diversity through channel hopping will
be effective. Fig. 7 shows the CDF of the coherence bandwidth
of the measured channels. A mean of 1.38 MHz corresponds
to a mean RMS delay spread of 154 ns. ISA 100.11a is a
representative industrial wireless network standard [22] that
utilizes an 802.15.4 physical layer and makes extensive use
of channel hopping. As the channels for this standard are
separated by 5 MHz, this coherence bandwidth suggests that
the channels will enjoy the independent fading necessary to
make frequency hopping an effective fading mitigation option.
Fig. 8 shows the CDF of the antenna fading correlation
coefficient is very low with a mean value of 0.079. This means
that multiple antennas will also be effective for those nodes
where size and cost allow for them.
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Fig. 7. CDF of coherence bandwidth.
VI. CONCLUSION
This paper has presented the first multi-antenna measure-
ment campaign conducted at an operating petroleum refinery
Antenna Correlation Coefficient
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Fig. 8. CDF of antenna correlation coefficient.
that captures both large and small scale channel statistics. The
results reveal an environment where path loss and shadowing
are milder than the number of obstacles would suggest due to
the large number of reflecting metallic objects that are present.
Fading is severe due to the large number of scatterers but low
values for both coherence bandwidth and antenna correlation
coefficient indicate that frequency and antenna diversity are
both good options for mitigating this fading.
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